ABSTRACT: When a river mouth has a flat converging shape with a tidal range exceeding 6 to 9 m, the river may experience a tidal bore. A tidal bore is a positive surge, and the aim of the study is to detail the turbulent field beneath an undular bore. New unsteady experiments were conducted in a large channel. Turbulence measurements were performed with high-temporal resolution using side-looking acoustic Doppler velocimetry. Detailed turbulent measurements were conducted along a vertical profile for a Froude number of 1.4. Instantaneous velocity measurements showed a marked flow deceleration at all vertical elevations. Turbulent stresses were deduced from high-pass filtered data. Maximum Reynolds stresses were observed beneath the whelps, under and just before each crest. The findings suggest that preferential bed erosion takes place beneath each wave crest, and the eroded material is advected in the undular wave motion behind the bore front.
INTRODUCTION
In macro-tidal estuaries, a tidal bore may form during spring tide conditions when the flood tide is confined to a narrow channel. The bore is a series of waves propagating upstream as the tidal flow turns to rising (Fig. 1) . The occurrence of tidal bores has a significant impact on river mouths and estuarine systems. Bed erosion and scour take place beneath the bore front while suspended matters are carried upwards in the ensuing wave motion. The process contributes to significant sediment transport with deposition in upstream intertidal areas. Tidal bores induce also strong mixing and dispersion in the river mouth, but classical mixing theories do not account for such type of discontinuities. The existence of tidal bores is based upon a fragile hydrodynamic balance which may be easily disturbed by changes in boundary conditions and freshwater inflow (e.g. Chanson 2004a Chanson , 2005a .
There are numerous visual accounts of tidal bores. Most occurrences showed well-defined undulations behind the leading wave, that is an undular bore process. The other type of bore is the breaking bore that is rarely seen, but for a few exceptions. Field measurements in tidal bores are very limited and most studies recorded a limited number of parameters with relatively coarse resolutions in terms of time scales, spatial resolutions and velocity magnitudes. All field studies were fixed-point measurements, but a tidal bore is a very dynamic process which extends over several kilometres, sometimes tens of kilometres, and the bore shape and characteristics evolve rapidly with time in response to change in bathymetry. Figure 1B illustrates a tidal bore event in the Baie du Mont Saint Michel, France. The bore front travelled with an average celerity of about 2.7 m/s, but its shape changed constantly with time, sometime disappearing in the deep water channel, while a breaking front was observed in the shallower waters near the banks (Chanson 2005b) .
The aim of the study is to detail the turbulence field in an undular tidal bore under controlled flow conditions. New experiments were conducted in a large channel (L = 12 m, W = 0.5 m). Detailed freesurface and turbulence measurements were performed with high-temporal resolution (50 Hz) using side-looking acoustic Doppler velocimetry and nonintrusive free-surface measurement devices. It is the purpose of this paper to present new compelling evidences on the hydrodynamics of undular bore front.
Bibliographic review
Positive surges and bores were studied by hydraulicians and applied mathematicians. Major contributions included Barré de Saint Venant (1871), Boussinesq (1877), Lemoine (1948) , Serre (1953) and Benjamin and Lighthill (1954) . Classical experimental investigations of undular bores included Bazin (1865) , Favre (1935) , Sandover and Holmes (1962) , Benet and Cunge (1971) and Treske (1994) . Ponsy and Carbonnell (1966) presented superb, detailed three-dimensional free-surface profile measurements in prototype trapezoidal channels. However most experimental studies were limited to visual observa-tions and sometimes free-surface measurements. These rarely encompassed turbulence but a few limited studies (e.g. Hornung et al. 1995) .
Field measurements in tidal bores are few: e.g., Lewis (1972) and Huntley (2003) in the Dee river (UK), Wolanski et al. (2004) in the Daly river (Australia), Kjerfve and Ferreira (1993) in Rio Mearim (Brazil). All these studies were limited to a very small number of occurrences. 
Channel and instrumentation
Experiments were performed in a 0.5 m wide 12 m long horizontal flume (Fig. 2 ). Waters were supplied by a constant head tank. A tainter gate was located next to the downstream end of the channel (x = 11.15 m). Its controlled and rapid closure induced a positive surge propagating upstream. Steady flow rates were measured with bend meters which were calibrated in-situ with a large V-notch weir. The percentage of error was expected to be less than 2%. In steady flows, the water depths were measured using rail mounted pointer gauges and acoustic displacement meters. Unsteady water depths are measured with acoustic displacement meters Microsonic™ Mic+25/IU/TC with an accuracy of 0.18 mm and a response time of 50 ms. The acoustic displacement readings were compared with instantaneous freesurface profiles captured with a high-speed camera. The results were found to be within the accuracy of the systems, although a few spurious points were sometimes observed. The displacement meter output was a function of the strength of the acoustic signal reflected by the free-surface. When the free-surface was not horizontal, some erroneous points were recorded. These were relatively isolated and easily ignored.
In steady flows, velocity measurements were conducted with a Prandtl-Pitot tube (3.3 mm ∅) previously calibrated as a Preston tube based upon in-situ experiments (Chanson 2000) . Turbulent velocity measurements were conducted with an acoustic Doppler velocimeter Sontek™ 16 MHz micro-ADV at x = 5 m. The probe sensor had a two-dimensional side-looking head with a distance to sampling volume of 5 cm. With this arrangement, the closest measurement distance from the bed was 7.2 mm. The V x velocity component was aligned with the longitudinal flow direction and positive downstream, while the transverse velocity component V y was oriented normal to the channel sidewall and positive towards the left sidewall. The velocity range was 1.0 m/s, most unsteady flow experiments were conducted with 50 Hz sampling rate and the data accuracy was 1%. The translation of Pitot tube and ADV probe in the vertical direction was controlled by a fine adjustment travelling mechanism connected to a Mitutoyo TM digimatic scale unit. The error on the vertical position of the probe was ∆z < 0.025 mm. The accuracy on the longitudinal position was estimated as ∆x < +/-2 mm. The accuracy on the transverse position of the probe was less than 1 mm.
Additional informations were obtained with digital cameras Panasonic™ Limux DMC-FZ20GN and Canon™ A85, and a digital video-camera Sony™ DV-CCD DCR-TRV900. Further details on the experimental facility were reported by Koch and Chanson (2005) . 
Tidal bore generation
For each experiment, the initial steady flow was uncontrolled and gradually-varied. It was established for at least 10 minutes prior to measurements. A bore was generated by the rapid partial closure of the downstream gate. The gate closure occurred in less than 0.1 sec. Flow measurements and data acquisition were started for 2 minutes prior to gate closure. After gate closure, the travelling bore propagated upstream against the gradually-varied flow over the full channel length. Each experiment was stopped when the bore front reached the intake structure. Tests were repeated systematically for different gate closures (Table 1) .
Detailed velocity and free-surface elevation measurements were performed with the acoustic Doppler velocimeter (ADV) located at x = 5 m from the channel intake and at several transverse positions y/W = 0.5, 0.75, 0.90 and 0.95, where x is the distance from the upstream channel end, y is the transverse distance measured from the right sidewall and W is the channel width (W = 0.5 m). The acoustic displacement meters were located at x = 10.95 m, 7.25 m, 6 m, 5.1 m and 5 m. The latter displacement meter sampled the free-surface elevation immediately above the ADV sampling volume, while the other sensors were placed on the channel centreline. 
Initial steady flow conditions
The initial steady flow was partially-developed with δ/d o = 0.6 to 0.8 at the sampling location (x = 5 m). Both ADV and Prandtl-Pitot tube data compared favourably with a 1/7th power law in the boundary layer. The shear velocity was estimated using the Preston-Prandtl-Pitot tube and a match between velocity data and logarithmic velocity law in the inner flow layer. The results were close and yielded : V * = 0.044 m/s. Importantly, the data, including the vertical distributions of Reynolds stresses, showed good qualitative and quantitative agreement with the detailed experiments of Xie (1988) and Tachie (2001) in smooth open channel flows. Further details on the initial flow properties were described in Koch and Chanson (2005, pp . 21-37).
Acoustic Doppler Velocity Metrology
Acoustic Doppler velocimetry (ADV) is designed to record instantaneous velocity components at a single-point with relatively high frequency. Past and present experiences demonstrated many problems. In steady turbulent flows, the ADV velocity fluctuations characterise the combined effects of the Doppler noise, signal aliasing, velocity fluctuations, turbulent shear and other disturbances (Lemmin and Lhermitte 1999 , McLelland and Nicholas 2000 . For all experiments, present experience demonstrated recurrent problems with the velocity data, including low correlations and low signal to noise ratios. The situation improved by mixing some vegetable dye (Dytex Dye™ Ocean Blue) in the entire water recirculation system. Other problems were experienced with boundary proximity.
In steady flows, detailed comparisons between ADV and Prandtl-Pitot tube data were conducted at y = 0.473, 0.450, and 0.375 m (or 27, 50 and 125 mm from the left sidewall) with the micro ADV sensors facing the left sidewall, where y is the transverse distance from the right wall. Experimental data indicated that the streamwise velocity data were not affected by the presence of the channel bed at y = 0.450 and 0.375 m as observed at y = 0.250 m. But the ADV data underestimated the velocity in the vicinity of a sidewall (y > 0.455 mm). This was associated with a drastic decrease in average signal correlations, average signal-to-noise ratios and amplitudes next to the wall (Koch and Chanson 2005) .
While several ADV post-processing techniques were devised for steady flows (e.g. Goring and Nikora 2002, Wahl 2003) , these post-processing techniques are not applicable to unsteady flows (e.g. Nikora 2004, Person. Comm., Chanson et al. 2005) . In the present study, unsteady flow post-processing was limited to a removal of communication errors and a replacement by interpolation. Beneath the undular surge, the ADV probe outputs showed systematically a lower proportion of errors and "spikes" while the bore front passage was associated with some increase in average signal-to-noise ratios, average signal correlations and to a lesser extent signal amplitudes. Although these observations were not "true" validation, they tended to support the use of Acoustic Doppler devices in such a highly unsteady flow situation.
Reynolds stress calculation in rapidly-varied flow motion
In turbulence studies, the measured statistics are based upon the analysis of instantaneous turbulent velocity data : v = V -V ⎯ , where V ⎯ is a timeaverage velocity. If the flow is "gradually timevariable", V ⎯ must be a low-pass filtered velocity component, or variable-interval time average VITA (Piquet 1999) . The cutoff frequency must be selected such that the averaging time is greater than the characteristic period of fluctuations, and small with respect to the characteristic period for the timeevolution of the mean properties. In undular surge flow, the Eulerian flow properties showed an oscillating pattern with a period of about 2.4 s that corresponded to the period of the free-surface undulations. The unsteady data were therefore filtered with a low/high-pass filter threshold greater than 0.4 Hz (i.e. 1/2.4 s) and smaller than the Nyquist frequency (herein 25 Hz). The cutoff frequency was selected as 1 Hz based upon a sensitivity analysis (Koch and Chanson 2005 , pp. A51-A55). The same filtering technique was applied to both streamwise and transverse velocity components, and Reynolds stresses were calculated from the high-pass filtered signals.
UNDULAR BORE FREE-SURFACE PROFILES

Presentation
Undular bores were observed for surges Froude numbers less than 1.7, where the surge Froude number is defined as :
with V o is the initial flow velocity, U is the bore front celerity for an observer fixed on the bank, g is the gravity acceleration and d o is the initial water depth (Henderson 1966 , Chanson 2004a . Measured initial depths and surge celerities are listed in Table 1 .
The undular bores propagated upstream relatively slowly and the bore front was followed by a train of well-formed undulations. For low surge Froude numbers (1 ≤ Fr < 1.4 to 1.5), the free-surface undulations had a "smooth" appearance and no wave breaking wave observed. Some cross-waves were seen developing upstream of the first wave crest and intersecting next to the first crest (Fig. 3A) . For intermediate surge Froude numbers (i.e. 1.4 to 1.5 < Fr < 1.7), some slight wave breaking was observed at the first crest, and the ensuing free-surface undulations were flatter. For larger Froude numbers (i.e. Fr ≥ 1.7), a breaking surge was seen.
Typical instantaneous free-surface profiles are presented in Figure 3B . Each curve shows the instantaneous dimensionless flow depth d/d o as a function of a dimensionless time t g/d o for the first wave crest. Figure 3B shows data collected at x = 5 m for four transverse locations, illustrating the threedimensional nature of the flow. At the first wave crest, the water levels were higher next to the centreline (y/ (Fig. 3B) .
The data showed a gradual evolution of the undular bore shape as it propagated upstream. It is conceivable that the bore was not fully-developed. However the data tended to suggest a gradual reduction of the bore height with increasing distance from the downstream gate. Such a trend was consistent with a fully-developed bore propagating against a gradually-varied flow with a S2 backwater profiles. In the present study, longitudinal free-surface measurements in steady flows suggested indeed a S2 profile between x = 5 and 7 m. 
Undular bore properties
In a fully-developed bore, the ratio of conjugate depths (d conj /d o ) must satisfy the continuity and momentum equations :
where d conj is the depth immediately behind the bore. Experimental results are presented in Figure   4A , (2) and with past experiments. The data showed slightly lower conjugate depth ratios for 1.1 < Fr < 1.7. In undular bores, the estimate of the conjugate depth d conj is somewhat arbitrary. For all data the conjugate depth d conj was estimated as the average of wave crest and trough depths. The averaging process assumed a symmetrical wave pattern that was not supported by experimental data.
Undulation amplitude and wave length data were also compared with previous studies and with the theories of Lemoine (1948) and Andersen (1978) . Lemoine (1948) Figure 4B compares undular wave amplitudes with undular tidal bore observations in the Dee river (Lewis 1972) . Note that the wave amplitude (Fig.  4B ) decreased sharply immediately before the disappearance of free-surface undulations. Treske (1994) reported a similar trend. It is believed that the flow conditions associated with maximum wave amplitude occurred immediately before the appearance of some wave breaking at the first wave crest : i.e. for Fr ~ 1.4 to 1.5 in the present study.
TURBULENT VELOCITIES BENEATH UNDULAR BORE
Instantaneous velocity measurements
Unsteady velocity measurements were performed beneath an undular bore for a surge Froude number of Fr = 1.4 (Table 1 ). The acoustic Doppler velocimetry (ADV) system was positioned at x = 5 m and each experiment was conducted at several vertical elevations z and transverse locations y. Experimental results indicated some basic features. The streamwise velocity component decreased rapidly with the passage of the first wave crest and oscillated with time with the same period as and out of phase with the surface undulations (Fig. 5) . Maximum velocities were observed beneath the wave troughs and minimum velocities below the wave crests. The trend was seen at all vertical and transverse locations, and it was consistent with irrotational flow theory. Note that the streamwise velocities were always positive, although a few negative instantaneous V x velocities were seldom detected next to the side wall (Fig. 5C ).
In the upper flow region (z/d o > 0.5), large fluctuations of velocities were observed beneath the undulations. At a given height, the deviations of instantaneous velocities from an overall data trend were larger than the initial turbulent velocity fluctuations prior to the bore passage. For example, in Figure 5A for t g/d o > 90 to 100. Since the measurements were Eulerian, the measured fluctuations included the contributions of the velocity deviation from an ensemble average and the time-variation of the ensemble average.
At the highest sampling points (e.g. z/d o = 0.7, Fig. 5A & 5B), the transverse velocity V y data tended to oscillate with the same period as and in phase with the free-surface.
Remarks
In an undular bore, theoretical considerations and flow net analysis predict significant velocity redistributions between wave crests and troughs associated with pressure gradients greater than hydrostatic beneath wave trough and less than hydrostatic beneath crest (e.g. Rouse 1938, Montes and Chanson 1998) . Figure 6 illustrates the redistribution of vertical velocity profiles with time during the propagation of the first free-surface undulation. At each vertical elevation, five instantaneous, consecutive velocity samples are plotted as functions of the vertical elevation. Similarly, five consecutive data samples at each elevation are shown for 1 s before the passage of the first wave crest (T1C -1 sec.), 0.5 s prior to the first crest (T1C -0.5 sec.), and at the following wave trough. The initial velocity profile is shown in thick dashed line for comparison. Trend lines are shown for (T1C-1 s) and (T1C-0.5 s) also (thin dashed lines). Present data showed experimental trends that were in agreement with irrotational flow motion theory. But the ideal fluid flow theory is based upon the assumption of frictionless fluid. It does not account for bed and sidewall friction, nor for the initial turbulence flow conditions and turbulence structure. The presence of boundary shear contributes to some energy dissipation as well as the generation of vorticity. When a bore propagates upstream against a current, the average vorticity is positive.
Note also that the velocity redistributions presented a different pattern to that observed beneath undular hydraulic jumps (e.g. Chanson 1995) . Several researchers argued that there are indeed fundamental differences between the two types of flows (Montes 1979, Montes and Chanson 1998) .
TURBULENT REYNOLDS STRESSES
BENEATH UNDULAR BORE
Instantaneous Reynolds stresses
Reynolds stress data showed large turbulent stresses below the surge front and ensuing undulations (Fig.  7) . This is seen in Figure 7 for t g/d o > 90. Figure  7 presents both normal and tangential instantaneous turbulent stresses. Reynolds stresses were significantly larger than in the initial steady flow. In particular, intense normal and tangential stresses were consistently seen beneath wave crests and just before each crest. These turbulent stresses were larger than beneath the adjacent wave troughs (Fig. 7) . The data showed also larger Reynolds stresses at the lower sampling locations including next to the bed.
Comparatively smaller Reynolds stresses were measured at higher sampling locations, although the Reynolds stress levels were always larger beneath the undulations than in the initial steady flow.
Turbulent dissipation and mixing
In a river, the passage of an undular bore is always associated with very significant turbulence and mixing as demonstrated by field observations. Evidences included repeated impact and damage to field measurement equipments : e.g., in Rio Mearim (Kjerfve and Ferreira 1993) , in the Daly river (Wolanski et al. 2004) , in the Dee river (Lewis 1972 ). Further demonstrations covered major damage to river banks, shipping and navigation. Other tragic evidences included numerous drownings in tidal bores and "whelps" (Malandain 1988) . At a point fixed in space, the passage of the bore front and ensuing undulations is associated with rapid fluctuations of vertical pressure and velocity distributions between adjacent wave crests and troughs (e.g. Fig. 5 & 6 ). This type of mixing is supported by strong turbulence measured in undular bores and sediment advection observations behind bore front.
Second, large volumes of sediments are advected upstream behind tidal bores as observed by numerous researchers (Chen et al. 1990, Tessier and Terwindt 1994) . In the Rio Mearim, Kjerfve and Ferreira (1993) reported: "in shallow areas, the water boiled violently after the passage of the bore and became brownish-black". All studies showed that the arrival of an undular bore was associated with intense bed material mixing. Chanson (2001 Chanson ( ,2005a argued that sediment suspension beneath the "whelps" is sustained by strong wave motion for relatively long periods. In the Dordogne river, he observed some intense wave motion lasting more than 20 minutes after the bore passage.
Third some turbulent energy is dissipated in vortical structures advected behind the surge front. The role of these large-scale turbulent structures was highlighted by Hornung et al. (1995) . It is thought however that these may be highly dependant upon the initial flow conditions. For example, Hornung et al. (1995) studied positive surges propagating in initially still waters, while the present study investigated a bore propagating against a steady current. Present experimental evidences showed that the arrival of an undular bore was characterised by very rapid changes in streamwise velocities and by large fluctuations in transverse velocities at all transverse locations. This was associated with relatively large instantaneous turbulent Reynolds stresses beneath the undulations at most vertical elevations (for Fr = 1.4 and y/d o < 1). In Nature, the initial steady flow conditions are often quiescent. The arrival and passage of an undular bore must be associated with significant bed material scour and pickup. Such a sediment erosion process is an Eulerian problem, and present experimental results are directly applicable. The ensuing sediment suspension and advection behind the bore front is a Lagrangian problem however.
In an undular bore, maximum Reynolds stresses were observed beneath the wave crests (Fig. 7) , and the results suggested repeated high shear and scour just before and below each wave crest. Eroded bed material is then placed into suspension and advected in the "whelps" and wave motion behind the leading wave. Such a mechanism was proposed by Chanson (2002,2005) based upon a quasi-steady flow analogy.
Note that the present study was conducted in tidal bores resulting from partial gate closure. The experimental setup was selected to generate under controlled flow conditions a range of undular bores with the same initial conditions. It is acknowledged that these initial conditions might not be typical of tidal bores in natural estuaries (Fig. 8) because there was no complete flow reversal after bore front passage. Further present results focused on the bore front and the short period immediately after bore passage.
6 CONCLUSION Limited quantitative information is available to date on the turbulence induced by undular tidal bores because the hydrodynamics and turbulence field were not studied with fine instrumentation under welldefined conditions. In the present study, new experiments were conducted under controlled flow conditions in a large channel. Detailed turbulence measurements were performed with a high-temporal resolution (50 Hz) using side-looking acoustic Doppler velocimetry and non-intrusive free-surface measurement devices. The experiments were designed to study a range of undular bores with a minimum number of dependant variables. Using one set of initial flow conditions, experiments were performed in undular surges resulting from a rapid gate closure at the downstream end of the flume and propagating upstream against the initial flow. The only dependant variable was the downstream gate opening after closure. Undular bores were observed for surges Froude numbers less than 1.7 although some breaking was observed at the first crest for 1.4 to 1.5 < Fr < 1.7. Free-surface profiles compared favourably with past measurements in positive surge and tidal bores. The present study demonstrated unique features of tidal bore fronts. Velocity measurements with hightemporal resolution showed a marked effect of the bore passage. Longitudinal velocities were characterised by rapid flow deceleration at all vertical elevations, while large fluctuations of transverse velocities were recorded beneath the front. Turbulent Reynolds stress data highlighted high levels in the lower flow region including next to the bed, and maximum normal and tangential stresses were observed immediately upstream of and at wave crests. Hence bed erosion may take place beneath each wave crest, and the eroded material and other scalars are advected in the "whelps" and wave motion behind the first wave crest. These would be consistent with very-strong turbulence levels observed behind tidal bores in the field (Fig. 8) .
While the present study allowed a detailed comparison of the effects of undular bores, it was limited to one set of initial flow conditions. Further works should encompass a wider range of inflow conditions and surge generation, including positive surges propagating downstream and tidal bore flows with complete flow reversal. 
